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Abstratct: We demonstrate the preparation of surface-
bound cucurbit[8]uril (CB[8]) catenanes on silica nanopar-
ticles (NPs), where CB[8] was employed as a tethered
supramolecular “handcuff” to selectively capture target
guest molecules. In this catenane, CB[8] was threaded onto
a methyl viologen (MV2+) axle and immobilized onto sil-
ica NPs. The formation of CB[8] catenanes on NPs were
confirmed by UV-vis titration experiments and lithographic
characterization, demonstrating high density of CB[8] on
the silica NPs surface, 0.56 nm−2 . This CB[8] catenane sys-
tem exhibits specific molecular recognition towards certain
aromatic molecules such as perylene bis(diimide), naphthol
and aromatic amino acids, therefore, can act as a nanoscale
molecular receptor for target guests. Furthermore, we also
demonstrate its use as an efficient and recyclable nano-
platform for peptide separation. By embedding magnetic
NPs inside silica NPs, separation could be achieved by sim-
ply applying an external magnetic field. Moreover, the pep-
tides captured by the catenanes could be released by re-
versible single-electron reduction of MV2+. The entire pro-
cess demonstrated high recoverability.
Catenanes have attracted great attention in the past few
decades on account of their special mechanically-interlocked
molecular architecture.[1–3] The relative positions of their
components can be controllably changed without break-
ing the interlocked structure, allowing catenanes to be
readily used as molecular machines,[4,5] switches,[6–8] sen-
sors[9,10] and rotors.[4,11] Macrocyclic host molecules such
as crown ethers and cyclodextrins (CDs) are of interest
in the preparation of catenanes, on account of their in-
trinsic cyclic structure and host-guest complexation capa-
bility.[2,3,12] Catenanes based on crown ethers were exten-
sively investigated, mainly prepared by template-directed
∗∗X. Ren thanks the CSC Cambridge Scholarship for financial support and
Dr. Ziyi Yu for template preparation. Y. Wu is financially supported
by the EP/L504920/1, J. Liu by the Marie Curie FP7 SASSYPOL ITN
(607602) programme, and G. Wu by the Leverhulme Trust.
∗ [a] X. Ren,‡ Y. Wu,‡ Dr. D. Clarke, Dr. J. Liu, Dr. G. Wu, and
Prof. O. A. Scherman
Melville Laboratory for Polymer Synthesis
Department of Chemistry, University of Cambridge
Lensfield Road, Cambridge, CB2 1EW, UK
Fax: +44 (0)1223 334866; E-mail: oas23@cam.ac.uk
[‡] These authors contributed equally to this work.
Supporting information for this article is available on the WWW under
or from the author.
synthesis.[2,13] CD was also studied in the preparation
of catenanes on account of its improved binding behav-
ior.[3,14–17] However, crown ether and CD host complex-
ation are both limited to relatively low affinity towards
certain guest molecules (Ka ≤ 105 M−1).[18,19] Cucur-
bit[n]urils (CB[n]s), a family of symmetric barrel-shaped
host molecules, which exhibit stronger and selective en-
capsulation of small guest molecules, emerged as more
promising hosts for supramolecular applications (Ka up to
1015 M−1).[19–24] Cucurbit[8]uril (CB[8]), a larger mem-
ber of the CB family possessing a larger cavity volume of
479 A˚3, can simultaneously encapsulate two guest molecules
to form a dynamic yet stable heteroternary complex.[20,25,26]
Owing to its excellent host-guest properties, CB[8] has been
utilized as a versatile receptor and building block for var-
ious supramolecular architectures and systems.[12,19,21–24]
Catenanes containing CB[n] were explored by Kim[27,28]
and others,[29] but research has mainly focused on CB[6]-
based catenanes. Few investigations have been conducted on
CB[8]-based catenanes despite its unique host-guest proper-
ties to simultaneously bind two guests in its cavity.[12,30]
Catenanes have been mainly studied in solution, how-
ever, to fully develop their potential practical applications,
they must be interfaced with the macroscopic world.[3,31] In
recent years, effort has been made to attach catenanes on
Figure 1 a) Complexation between CB[8] and MV-silane.
b) Surface-bound CB[8] catenanes on silica NPs (CBC-NPs) ob-
tained by immobilizing MV-silane@CB[8] inclusion complexes
onto silica NPs. c) Capture and release of a target guest by CBC-
NPs.
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solid surfaces such as gold and glass to achieve this objec-
tive.[6,32,33] We reported the preparation of CB[8]-based in-
terlocked structures immobilized on gold surfaces.[12] Lit-
tle attention, however, has been paid to the attachment of
catenanes on nanoparticles (NPs)[7,16] in spite of their su-
perb properties of large surface area and highly tunable
physical and chemical characteristics.[3,34] Herein, for the
first time, we demonstrate the preparation of surface-bound
CB[8] catenanes on silica NPs, where CB[8] is employed
as a supramolecular “handcuff” to selectively capture tar-
get guests, as shown in Figure 1. This CB[8] catenane
system can act as a nanoscale molecular receptor for tar-
get guests on account of the specific molecular recognition
of the MV2+@CB[8] inclusion complex on silica NPs to-
wards various second guest molecules, including perylene
bis(diimide), naphthol and aromatic amino acids, such as
tryptophan,[35–37] phenylalanine[36,38] and tyrosine,[36] with
the Ka of 103 – 105 M−1.[36] As a result, this supramolecular
system can also act as a highly effective and recyclable nano-
platform for the separation and purification of peptides. The
silica NPs can be endowed with magnetism by incorporat-
ing superparamagnetic iron oxide into its core, providing an
easy and straightforward magnetic separation method.
1,1’-bis[3-(trimethoxysilyl)propyl]-4,4’-bipyridine
(MV-silane) was chosen as the first guest molecule to
immobilize CB[8] onto silica NPs. The complexation of
MV-silane and CB[8] was investigated by 1H NMR spec-
troscopy and isothermal titration calorimetry (ITC), see ESI
Figures S3 and S4. It exhibited strong 1:1 binding towards
CB[8], with an association constant Ka of 3.25×105 M−1.
The surface-bound CB[8] catenanes on silica NPs (hereafter
referred to as “CBC-NPs”) were prepared by immobilizing
MV-silane@CB[8] inclusion complexes onto silica NPs.
The reaction was conducted in a mixture of water and
ethanol (3:2 v/v) at 60 ◦C for 1 h. In the meantime, control
NPs were prepared using the same reaction conditions,
except in absence of CB[8]. The average hydrodynamic
diameter (Dh) and ζ -potential of CBC-NPs obtained from
dynamic light scattering (DLS) were 337 nm and 35.5 mV,
respectively (ESI, Table S1 and Figure S5). TEM images of
all the NPs show homogeneous size (ESI, Figure S6) and
could be well dispersed in water.
To confirm the formation of catenanes on silica NPs and
quantify the amount of CB[8] incorporated into the CBC-
NPs, UV-vis titration of substituted perylene bis(diimide)
(PDi) was conducted as illustrated in Figure 2a. PDi was
employed on account of its good binding affinity towards
the MV2+@CB[8] complex.[39,40] The addition of CBC-NPs
into PDi solution induced the formation of CB[8]/PDi/MV-
silane ternary complexes on the silica NPs, leaving the un-
coordinated PDi molecules in the solution, which were then
separated and quantified. The same procedure was repeated
for the control NPs, whereas no PDi molecule was bound.
As shown in Figure 2b, the absorption of PDi solution
showed little change after mixing with the control NPs. In
comparison, its absorption decreased linearly with an in-
creasing amount of CBC-NPs added, from 0.165 to 0.074,
which confirms the formation of the catenanes on the sil-
ica NPs. The mass fraction of CB[8] was calculated to be
11.65 µg/mg and the density of CB[8] on the silica NPs sur-
face was 0.56 nm−2 (more details are shown in ESI).
Lithography was also examined where microscale pat-
terns of a second guest molecule (naphthol-silane)[41] were
prepared on a glass surface as illustrated in Figure 3a. The
patterned surfaces were immersed in aqueous suspensions of
fluorescent rhodamine B (RhB)-labelled CBC-NPs and con-
trol NPs, respectively. After extensive washing, patterned
surfaces were observed under a fluorescence microscope.
As shown in Figures 3b and 3c, the fluorescent CBC-NPs
aligned in a patterned manner on account of the complex-
ation between the CB[8] catenane on the CBC-NP surface
and naphthol-silane on the glass substrate. In comparison,
the fluorescent control NPs could not be observed as they
were all washed away (ESI, Figure S8).
Figure 2 a) Schematic illustration of the UV-vis titration exper-
iment between PDi and CBC-NPs. The addition of CBC-NPs
into PDi solution induced the formation of CB[8]/PDi/MV-silane
ternary complexes on the silica NPs. After centrifuging and remov-
ing the sediments, the uncoordinated PDi molecules were left in the
solution and quantified. Upon addition of excess CB[8], PDi stacks
disassembled and formed complexes with CB[8], giving the maxi-
mum absorption. The same procedure was repeated for the control
NPs, whereas no PDi molecule was bound. b) PDi UV-vis absorp-
tion (501 nm) after mixing with different NPs with various mass. 0,
1, 3, 5 mg NPs solid were added to 3 mL 16 µM PDi solutions. The
absorption decreased linearly with the amount of CBC-NPs added,
whereas remaining unchanged after mixing with control NPs.
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Figure 3 a) Schematic illustration of the lithographic character-
ization of CBC-NPs. Fluorescence microscope images of RhB-
labelled CBC-NPs on the patterned glass, b) bright field, c) dark
field. The fluorescent CBC-NPs aligned in a patterned manner due
to the complexation between the CB[8] catenane on the CBC-NP
surface and naphthol-silane on the glass substrate. In the control
experiment using RhB-labelled control NPs (ESI, Figure S8), pat-
terned structure can be barely observed as they were all washed
away.
The molecular recognition capability of the
MV2+@CB[8] inclusion complexes within the CB[8]
catenane system making it promising to act as a nanoscale
molecular receptor for various target guest molecules.
Also, as MV2+@CB[8] inclusion complexes exhibit strong
binding towards some aromatic amino acids such as
tryptophan,[35–37] phenylalanine[36,38] and tyrosine,[36] the
selective capture and separation of target peptides containing
such residues from peptide mixtures with our CB[8] cate-
nane system was investigated. In addition, the silica core of
CBC-NPs were incorporated with superparamagnetic iron
oxide NPs, providing a much easier and more effective way
to separate peptides by simply applying an external magnetic
field after complexation. The magnetic silica NPs (MNPs)
were prepared by the reaction of iron oxide NP ferrofluids
and tetraethyl orthosilicate in a 2-propanol/water mixture
(TEM images shown in ESI, Figure S10). Surface-bound
CB[8] catenanes on magnetic silica NPs (CBC-MNPs)
were prepared by a similar method as CBC-NPs. The TEM
image clearly shows the incorporation of iron oxide NPs
into the silica NPs (Figure 4a). The CBC-MNPs exhibited
strong magnetic responsiveness. As shown in Figure 4b, the
cloudy solution turned to clear within 20 min with almost
all CBC-MNPs attracted and accumulated in the corner by a
magnet. To investigate the efficiency of peptide separation
using CBC-MNPs, model peptide sequences KKKGGGF
(F), KKKGGGW (W) and KKKGGG (G) (molecular
structures are shown in Figure 5) were synthesized and
explored, as illustrated in Figure 5. Peptides F and W
contain Phe and Trp residues, respectively, and can be
recognized by CBC-MNPs. Peptides G was prepared as a
control peptide. The UV absorption of peptide solutions
before and after mixing with CBC-MNPs were measured
by high-performance liquid chromatography (HPLC). After
mixing with CBC-MNPs, the absorptions of F and W solu-
tions at both 20 and 40 µM decreased significantly, while
remaining unchanged for solutions of G , indicating efficient
peptide separation by CBC-MNPs (Figure 4 and ESI, Figure
S15). The concentration decreased 60% and 30% for 20 and
40 µM solution, respectivelly, as caculated. The decrease
of concentration for both solutions of F and W at both
20 and 40 µM were similar, around 12 µM as calculated,
which indicates good reproducibility (ESI, Table S3). The
peptide separation efficiency, which is the absorption of
peptides per gram CBC-MNPs, was estimated to be 12.5
and 12.2 µmol/g for F and W, respectively. In addition, the
peptides complexed with MV2+@CB[8] on CBC-MNPs
can be easily released upon one-electron reduction of MV2+
to its radical cation (MV·+) by sodium dithionite (Na2S2O4)
under nitrogen,[12] exhibiting high release efficiency (up
to 11.6 µg/mol). Moreover, CBC-MNPs can be recovered
by the oxidation of MV·+ to MV2+, simply by purging the
Figure 4 a) TEM image of CBC-MNPs. b) Picture of CBC-MNPs
suspensions before (2) and after (1) separation by a magnet. Af-
ter separating by a magnet for 20 min, the cloudy suspension of
CBC-MNPs turned to clear, with most of CBC-MNPs attracted and
settled by the magnet. HPLC UV absorption of solutions of c) F
and d) W at 20 µM and 40 µM before and after mixing with CBC-
MNPs. 1.5 mL peptide solutions in acidic mobile phase (95 vol%
water, 4.9 vol% acetonitrile and 0.1 vol% trifluoroacetic acid) were
mixed with 1.5 mg CBC-MNPs. The decrease of concentration for
both solutions of F and W at 20 and 40 µM were similar, around 12
µM according to calculation. While remaining unchanged for so-
lutions of G (ESI, Figure S15). After recycling of the CBC-MNPs,
a subsequent separation cycle showed almost no loss in the separa-
tion efficiency, suggesting good recoverability.
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Figure 5 Schematic illustration of the peptide separation using CBC-MNPs and molecular structures of peptides G, F and W. After the
addition of CBC-MNPs into a peptide mixture, peptides with recognizable residues such as Phe and Trp (i.e. F and W) would complex
with CBC-MNPs and sediment upon an external magnetic field. Peptides without recognizable residues such as G, wound remain in the
solution and be separated. The complexed peptides F and Wcan be released upon one-electron reduction of MV2+ using Na2S2O4 and
CBC-MNPs can be reused after the oxidation of MV·+.
solution with oxygen for 1 min. A subsequent separation
cycle showed almost no loss in the separation efficiency,
up to 11.1 µmol/g, suggesting good recoverability (More
details shown in ESI, Table S3 and S4)
In conclusion, we have described the preparation of
surface-bound CB[8] catenanes on silica NPs. The forma-
tion of catenanes on silica NPs was confirmed by UV-vis
titration experiments and lithographic characterization. The
CB[8] catenane system acts as a nanoscale molecular re-
ceptor for certain aromatic molecules such as PDi, naphthol
and aromatic amino acids. We further demonstrated a sim-
ple and efficient peptide separation approach using surface-
bound CB[8] catenanes on magnetic NPs, whereby the target
peptides could be selectively captured and separated from a
peptide mixture and released by the single-electron reduc-
tion of MV2+. Moreover, the CB[8] catenane NPs can be
readily recycled after use. The introduction of CB[8] cate-
nane structures onto NPs allows for single molecule recogni-
tion on a micromolar scale, providing potential opportunities
in biological sensing and separation.
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